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Introduction {#chem202000436-sec-0001}
============

Selective oxidation reactions of organic compounds over Cu based catalysts using molecular oxygen (or air) have not only potential industrial applications,[1](#chem202000436-bib-0001){ref-type="ref"} but are also important in biological systems since Cu/O~2~ adducts have been proposed as reactive intermediates in these processes.[2](#chem202000436-bib-0002){ref-type="ref"} Therefore, it would be of paramount importance to gain deep understanding of the fundamental aspects, how Cu^I^ complexes activate O~2~ and form mono‐, di and/or multinuclear Cu‐O~2~ intermediates that can subsequently facilitate selective substrate oxidation processes.[2d](#chem202000436-bib-0002d){ref-type="ref"}, [3](#chem202000436-bib-0003){ref-type="ref"} However, this requires the simultaneous application of different spectroscopic techniques together with product analysis, since there is no single method that can provide the whole information necessary. Moreover, using spectroscopic operando techniques individually may give rise to hardly comparable results due to different shapes of spectroscopic cells and reaction conditions (e.g., flow regimes, concentrations, temperature gradients etc.). For these reasons, coupling of complementary operando spectroscopic techniques in the same experiment proved to be very helpful for deriving reliable reaction mechanisms in catalysis.[4](#chem202000436-bib-0004){ref-type="ref"} This has been illustrated by impressive examples from both homogeneous and heterogeneous catalysis.[4c](#chem202000436-bib-0004c){ref-type="ref"}, [4e](#chem202000436-bib-0004e){ref-type="ref"}, [5](#chem202000436-bib-0005){ref-type="ref"} The main advantage of using such techniques in a coupled setup is to get rid of such deviations, allowing results to be obtained under exactly the same conditions.[4a](#chem202000436-bib-0004a){ref-type="ref"}, [6](#chem202000436-bib-0006){ref-type="ref"}

A few years ago, we have developed simultaneous operando EPR/UV‐Vis/ATR‐IR spectroscopy for monitoring selective aerobic oxidation of benzyl alcohol (BzOH) to benzaldehyde (BA),[7](#chem202000436-bib-0007){ref-type="ref"} which belongs to the most important reactions for the synthesis of fine chemicals, especially when gaseous O~2~ is used instead of environmentally harmful oxidants such as chromate, permanganate or hypochlorite.[1c](#chem202000436-bib-0001c){ref-type="ref"}, [8](#chem202000436-bib-0008){ref-type="ref"} In particular, Cu complexes with 2,2′‐bipyridine (bpy) ligands in combination with *N*‐methylimidazole (NMI) and 2,2,6,6‐tetramethylpiperidinyloxyl (TEMPO) have been studied extensively as catalytic systems.[9](#chem202000436-bib-0009){ref-type="ref"} We used coupled EPR/UV‐Vis/ATR‐IR spectroscopy to unravel intermediates and active species that had been controversially discussed in literature until that time.[7](#chem202000436-bib-0007){ref-type="ref"} Thus, we could follow the fate of paramagnetic Cu^II^ and TEMPO by EPR as well as of diamagnetic Cu^I^ by UV‐Vis in parallel with the formation of benzaldehyde by ATR‐IR spectroscopy. Based on the combined results, we proposed an active (bpy)(NMI)Cu^II^‐O~2~ ^⋅−^‐TEMPO species formed by electron transfer from a Cu^I^ precursor, in which TEMPO just interacts with O~2~ ^⋅−^ rather than forming a redox couple with the Cu species.

Nevertheless, recent work by Stahl et al. suggests, based on a combination of X‐ray absorption spectroscopy (XAS) techniques and DFT calculations, that TEMPO directly interacts with Cu^II^ via the oxygen atom of TEMPO forming a Cu^II^‐TEMPO complex with Cu^I^‐oxoammonium character.[10](#chem202000436-bib-0010){ref-type="ref"} Moreover, recent DFT calculations even suggest that TEMPO remains coordinated to copper during the catalytic cycle.[9f](#chem202000436-bib-0009f){ref-type="ref"} Actually, the formation of a Cu^II^‐TEMPO complex (with coordination of the N or O atom of TEMPO) has been already proposed in the past,[11](#chem202000436-bib-0011){ref-type="ref"} based on DFT calculations,[12](#chem202000436-bib-0012){ref-type="ref"} single‐crystal X‐ray structure,[13](#chem202000436-bib-0013){ref-type="ref"} or kinetic studies,[14](#chem202000436-bib-0014){ref-type="ref"} but without any evidence for its presence during the catalytic reaction from in situ/operando spectroscopy. Therefore, one open question is whether such a kind of complex does really exist under reaction conditions. Another very important question that could not be answered without doubt in our previous studies was whether a (bpy)Cu^II^‐O‐O‐Cu^II^(bpy) dimer (postulated as active intermediate by other groups)[9d](#chem202000436-bib-0009d){ref-type="ref"}, [15](#chem202000436-bib-0015){ref-type="ref"} is formed, since such a species has been supposed to be EPR‐silent.

Therefore we coupled our operando EPR/UV‐Vis/ATR‐IR setup for the first time simultaneously with time‐resolved XANES/EXAFS spectroscopy by placing a small mobile EPR benchtop spectrometer directly into the X‐ray beam path of a synchrotron beamline, for which we modified the cavity to host the reactor with implemented UV‐Vis and ATR‐IR fiber‐optical probes, (Figure [1](#chem202000436-fig-0001){ref-type="fig"}).[16](#chem202000436-bib-0016){ref-type="ref"} This bears the advantage that all Cu species in the reaction solution can be visualized. While EPR spectroscopy provides detailed information on paramagnetic species only, that is, on the fate of TEMPO and the structure of single paramagnetic Cu^II^ species, XANES/EXAFS and UV‐Vis spectroscopy are generally able to reflect Cu species in all valence and nucleation states, yet frequently in less detail, due to spectral superposition of a variety of different species. Therefore, we used in‐depth multivariate curve resolution with alternating least‐squares Fitting (MCR‐ALS)[17](#chem202000436-bib-0017){ref-type="ref"} of XAS and UV‐Vis data to gain new mechanistic insights in aerobic oxidation of BzOH to BA, which have not been accessible so far and which may help to clarify still persisting contradictions.

![a) Scheme of the operando EPR/XAS/UV‐Vis/ATR‐IR experimental setup; b) Picture of the setup at the ROCK beamline of the synchrotron facility SOLEIL (Paris).](CHEM-26-7395-g001){#chem202000436-fig-0001}

Results and Discussion {#chem202000436-sec-0002}
======================

Activation molecular oxygen step {#chem202000436-sec-0003}
--------------------------------

As already reported previously, a (bpy)(NMI)Cu^I^‐ complex (**1**) (Scheme [1](#chem202000436-fig-5001){ref-type="fig"}, see below) is formed in situ upon addition of NMI (2 equiv), bpy (1 equiv), and TEMPO (1 equiv) to a solution of Cu^I^OTf in acetonitrile and the first step of the catalytic cycle is oxidation of this complex by molecular O~2.~ [7](#chem202000436-bib-0007){ref-type="ref"} The formation of complex (**1**) is reflected by a characteristic metal‐to‐ligand charge‐transfer (MLCT) band at 416 nm with a shoulder at 550 nm in the UV‐Vis spectrum (Figure [2](#chem202000436-fig-0002){ref-type="fig"} a, blue line at start), while the EPR spectrum (Figure [2](#chem202000436-fig-0002){ref-type="fig"} c) shows only the characteristic triplet signal of TEMPO, but no signal from Cu^I^ since it is EPR silent.[7a](#chem202000436-bib-0007a){ref-type="ref"} The XANES spectrum of this solution shows a resolved shoulder in the rising edge at 8983.0 eV, and an absorption maximum at 8995.2 eV assigned to the 1s→4p transition of Cu^I^ (Figure [2](#chem202000436-fig-0002){ref-type="fig"} b, blue line at start).[18](#chem202000436-bib-0018){ref-type="ref"} One‐electron oxidation of Cu^I^ to Cu^II^ by TEMPO to form a Cu^II^‐piperidinoxyl complex was initially proposed by Sheldon et al. based on the stoichiometric oxidation with TEMPO, Hammett correlation, and investigations of kinetic isotope effects.[14](#chem202000436-bib-0014){ref-type="ref"} However, our coupled in situ XAS, UV‐Vis and EPR results confirm clearly that Cu^I^OTf is not oxidized by TEMPO under these reaction conditions.

![Pathway for the formation and cleavage of the Cu^II^ dimer during reaction.](CHEM-26-7395-g008){#chem202000436-fig-5001}

![Change with time of a) UV‐Vis, b) XANES and d) EPR spectra, of a solution of 25 m[m]{.smallcaps} Cu^I^OTf, 1 equiv bpy, 2 equiv NMI and 1 equiv TEMPO in CH~3~CN upon bubbling of O~2~. c) EPR spectra of TEMPO under Ar before (black line) and after bubbling of O~2~ for 20 min (red line) and after addition of BzOH to the above Cu solution (blue line).](CHEM-26-7395-g002){#chem202000436-fig-0002}

Oxidation of Cu^I^ to Cu^II^ occurs only upon bubbling oxygen into this solution at room temperature. This is evident from a rising Cu^II^ EPR signal at *g* ~iso~=2.133 with hyperfine structure (hfs, *A*=66 G) stemming from the coupling of the unpaired Cu^II^ electron spin (d^9^, *S*=1/2) to the nuclear spin of ^65, 63^Cu (I=3/2) (Figure [2](#chem202000436-fig-0002){ref-type="fig"} d).[7](#chem202000436-bib-0007){ref-type="ref"} In the UV‐Vis spectrum of the same solution (Figure [2](#chem202000436-fig-0002){ref-type="fig"} a), the MLCT band at 416 nm of Cu^I^ disappears (blue line) and a broad d--d transition band of Cu^II^ arises at 650 nm (red line).[19](#chem202000436-bib-0019){ref-type="ref"} Simultaneously, the Cu^I^ shoulder at 8983.0 eV in the XANES spectra disappears, the absorption maximum is shifted to higher energy (8997.2 eV), the white line rises and a new very weak pre‐edge feature appears at 8978 eV (Figure [2](#chem202000436-fig-0002){ref-type="fig"} b, red line). The latter is assigned to a forbidden 1s→3d transition of Cu^II^ which gains some intensity due to 3d+4p orbital mixing in non‐centrosymmetric transition metal ions.[20](#chem202000436-bib-0020){ref-type="ref"} The TEMPO EPR signal broadens beyond resolution of the hfs and loses intensity (Figure [2](#chem202000436-fig-0002){ref-type="fig"} c, red line).

In our previous study,[7a](#chem202000436-bib-0007a){ref-type="ref"} we have postulated that this is due to weak dipolar interaction of TEMPO with a tentative Cu^II^‐ O~2~ ^⋅−^---TEMPO intermediate as well as with O~2~. Actually, the interaction of O~2~ ^⋅−^ with TEMPO has already been reported,[21](#chem202000436-bib-0021){ref-type="ref"} and we confirmed it by recording the EPR spectrum of a TEMPO solution to which KO~2~ was added, which showed similar spectral behavior. However, we mentioned that due to its high reactivity, the (bpy)(NMI)Cu^II^‐O~2~ ^⋅−^ complex could undergo proton abstraction to form an EPR‐active (bpy)(NMI)(CH~3~CN)Cu^II^OOH complex (**2**).[7a](#chem202000436-bib-0007a){ref-type="ref"} Recently, Swarts et al. have found evidence for a \[Cu^II^OOH\]^+^ intermediate by electrospray ionization mass spectrometry analysis (ESI‐MS) during aerobic alcohol oxidation in a bis(pyridyl)‐*N*‐alkylamine/Cu^I^ catalytic system.[22](#chem202000436-bib-0022){ref-type="ref"}

In our present work, the formation of complex (**2**) (Scheme [1](#chem202000436-fig-5001){ref-type="fig"}, see below) has been confirmed by ESI‐MS investigations of the pre‐oxidized Cu catalyst in the presence and absence of TEMPO. In both cases, an ion at *m*/*z=*375 corresponding to complex (**2**) has been detected (Figure [3](#chem202000436-fig-0003){ref-type="fig"}). This indicates clearly that TEMPO does not directly coordinate to the EPR‐active Cu^II^ complex during the activation process as suggested by several authors including recent publications.[9f](#chem202000436-bib-0009f){ref-type="ref"}, [10](#chem202000436-bib-0010){ref-type="ref"}, [11](#chem202000436-bib-0011){ref-type="ref"}, [12](#chem202000436-bib-0012){ref-type="ref"}, [13](#chem202000436-bib-0013){ref-type="ref"}, [14](#chem202000436-bib-0014){ref-type="ref"}

![Experimental ESI‐MS spectrum for complex (**2**) showing the ion at *m*/*z* 375. The inset shows the simulated isotope distribution pattern. Spectrum taken after bubbling O~2~ for 20 minutes through a solution containing Cu^I^OTf, 1 equiv bpy, and 2 equiv NMI in CH~3~CN.](CHEM-26-7395-g003){#chem202000436-fig-0003}

This is also supported by Figure [4](#chem202000436-fig-0004){ref-type="fig"}, in which no change of the Cu^II^ EPR signal of complex (**2**) was observed after adding TEMPO (compare black and blue lines). Nevertheless, the intensity of the TEMPO EPR signal decreased in the presence of complex (**2**). This is clearly evident from a comparison of the red and blue spectra in Figure [4](#chem202000436-fig-0004){ref-type="fig"}, as well as from a control experiment in which the concentration of TEMPO was kept constant while that of the pre‐oxidized Cu complex was varied (Figure S1 in Supporting Information). Since a direct Cu^II^‐TEMPO complex can be ruled out based on the ESI‐MS results (Figure [3](#chem202000436-fig-0003){ref-type="fig"}), a plausible explanation would be the formation of a (bpy)(NMI)(CH~3~CN)Cu^II^OOH‐TEMPO intermediate (**3**) (Scheme [1](#chem202000436-fig-5001){ref-type="fig"}, see below) in which TEMPO gains partial TEMPOH character. Note that for complete TEMPOH formation the EPR signal of TEMPO would disappear.

![EPR spectra of complex (**2**) formed after bubbling of O~2~ for 20 min through 10 m[m]{.smallcaps} Cu^I^OTf/bpy/NMI (2 equiv) a) without TEMPO and b) in the presence of 2.5 m[m]{.smallcaps} TEMPO in comparison to c) 2.5 m[m]{.smallcaps} pure TEMPO in CH~3~CN. The solutions were kept under Ar and measured at 20 °C without contact with air.](CHEM-26-7395-g004){#chem202000436-fig-0004}

Spectral behavior during alcohol oxidation {#chem202000436-sec-0004}
------------------------------------------

To study the reaction of benzyl alcohol in more detail, BzOH has been added subsequently in four portions of five equivalents to the Cu‐TEMPO catalytic system and spectra with all four spectroscopies were recorded as a function of time. To start from a defined steady state, O~2~ was bubbled for 20 min through the Cu^I^OTf/bpy/NMI/TEMPO solution before adding the first portion of BzOH. UV‐Vis and XAS spectra recorded during BzOH additions are shown in Figures S3--S5 (Supporting Information). Remarkably, no isosbestic point was observed in the UV‐Vis spectra after addition of the first three portions of BzOH (see insets in Figure S3). This is in contrast to our previous study, in which an apparent isosbestic point was seen since the total amount of 20 equiv of BzOH had been added in one portion and UV‐Vis spectra were recorded only every 6 min.[7a](#chem202000436-bib-0007a){ref-type="ref"} Comparison of Figure S3 with these previous data illustrates nicely the gain in information enabled by the much higher time resolution of 10 s in the present study. This is also supported by Figure S4 in which our previous experiment with addition of 20 equiv of BzOH in one portion has been repeated, yet with a higher time resolution of 10 s. The lack of isosbestic points in Figure S3 shows clearly that more than two Cu species are involved in the first three successive redox cycles.

The data sets in Figures S3 (UV‐Vis) and S5 (XAS) composed of all spectra recorded during bubbling of O~2~ and subsequent addition of BzOH to the solution of 25 m[m]{.smallcaps} Cu^I^OTf, bpy (1 equiv), NMI (2 equiv) and TEMPO (1 equiv) in CH~3~CN were analyzed using the MCR‐ALS method,[17](#chem202000436-bib-0017){ref-type="ref"}, [23](#chem202000436-bib-0023){ref-type="ref"} to isolate the spectra of pure components involved in the reaction (for details see Supporting Information, section SI‐C). It was found that three Cu species were necessary to explain the variance of the UV‐Vis and XAS spectra in Figures S3 and S5, respectively. As derived by EXAFS analysis described below, they comprise two mononuclear (Cu^I^ and Cu^II^) as well as a dinuclear Cu^II^ species. The spectra of these three pure Cu components are plotted in Figure [5](#chem202000436-fig-0005){ref-type="fig"} a,b while their concentration profiles as a function of time are shown in Figure [5](#chem202000436-fig-0005){ref-type="fig"} c,d. Immediately after adding the first BzOH portion, the signals of both mono‐ and dinuclear Cu^II^ species disappear in the UV‐Vis and XAS spectra (Figure [5](#chem202000436-fig-0005){ref-type="fig"} c,d) and the line of a Cu^I^ species, which is almost identical with the initial Cu^I^ signal before adding oxygen (Figure S6), rises to its maximum. At the same time, the EPR signal of Cu^II^ drops to minimum (Figure [5](#chem202000436-fig-0005){ref-type="fig"} f, red line), while the TEMPO EPR signal becomes better resolved and increases again (compare the blue line in Figure [2](#chem202000436-fig-0002){ref-type="fig"}). This had been assigned to the cleavage of the Cu^II^‐OOH‐TEMPO intermediate upon oxidation of the alcohol, leading to the formation of diamagnetic Cu^I^ which reduces dipolar interaction with TEMPO.[7](#chem202000436-bib-0007){ref-type="ref"} As soon as BzOH is completely converted, the Cu^I^ signal in the XAS and UV‐Vis spectra drops suddenly and the Cu^II^ fingerprints reappear again in the spectra of all three spectroscopies (Figure [5](#chem202000436-fig-0005){ref-type="fig"}). The same behavior is observed after adding the second, third and fourth portion of BzOH.

![UV‐Vis (a) and XAS spectra (b) of the three pure Cu components derived by MCR‐ALS, their relative percentage after 20 min exposure to O~2~ (*t*=0) and subsequent addition of 4×5 equiv of BzOH to the solution of Cu^I^OTf, bpy, NMI and TEMPO under bubbling of O~2~ (c and d), formation of BA derived from the intensity of the ν(C=O) band at 1702 cm^−1^ by ATR‐IR (e), and EPR spectra measured at the time marked with **\*** in Figure [5](#chem202000436-fig-0005){ref-type="fig"} e (f). EPR spectra after reaching the plateaus in plot e are shown in Figure S2.](CHEM-26-7395-g005){#chem202000436-fig-0005}

Mechanistic study {#chem202000436-sec-0005}
-----------------

To obtain information on the local environment of Cu, the EXAFS spectra associated with the three MCR‐ALS components were analyzed (Table [1](#chem202000436-tbl-0001){ref-type="table"}, Figure [6](#chem202000436-fig-0006){ref-type="fig"}, Figure S7 and S8 in Supporting Information). The mononuclear Cu^I^ species (red Fourier Transform (FT) in Figure [6](#chem202000436-fig-0006){ref-type="fig"}) is satisfactorily reproduced with a 4‐fold coordination taking into account single and multiple scattering paths for a Cu(bipy)(NMI)(CH~3~CN) model (component 2, Table [1](#chem202000436-tbl-0001){ref-type="table"}). This is also supported by the fact that the XANES MCR‐ALS spectrum of this Cu^I^ component is almost identical with the experimental XANES spectrum of the (bpy)(NMI)Cu^I^‐complex formed initially in a solution of Cu^I^OTf, bpy, NMI and TEMPO in acetonitrile (Figure S6).

###### 

Structural parameters obtained by fitting the EXAFS spectra in Figure [6](#chem202000436-fig-0006){ref-type="fig"}.

+----------------------+-------------+--------------+------------------+-----------------+---------------+
| Component            | *N* ^\[a\]^ | Atoms^\[b\]^ | *R* \[Å\]^\[c\]^ | σ^2^10^−3^      | *R* ~f~ (%)   |
|                      |             |              |                  |                 |               |
|                      |             |              |                  | \[Å^2^\]^\[d\]^ | Red‐χ^2\[e\]^ |
+======================+=============+==============+==================+=================+===============+
| Cp1                  | 4.2±0.4     | O/N          | 1.94±0.01        | 5.14±1.3        | 1.88 %        |
+----------------------+-------------+--------------+------------------+-----------------+---------------+
| (dinuclear Cu^II^)   | 1.8±0.7     | N            | 2.41±0.03        | 2.17±3.8        | 693           |
+----------------------+-------------+--------------+------------------+-----------------+---------------+
| **(5)**              | 4.2         | C            | 2.78±0.03        | 16.0±6.5        |               |
+----------------------+-------------+--------------+------------------+-----------------+---------------+
|                      | 1           | Cu           | 2.88±0.03        | 4.46±3.1        |               |
+----------------------+-------------+--------------+------------------+-----------------+---------------+
| Cp2                  | 4           | N            | 1.99±0.01        | 7.12±1.1        | 1.89 %        |
+----------------------+-------------+--------------+------------------+-----------------+---------------+
| (mononuclear Cu^I^)  | 2           | C            | 2.81±0.12        | 17.8±7.1        | 603           |
+----------------------+-------------+--------------+------------------+-----------------+---------------+
| **(1)**              | 5           | C            | 2.94±0.12        | 17.8±7.1        |               |
+----------------------+-------------+--------------+------------------+-----------------+---------------+
|                      | 10          | MS           | 3.01±0.08        | 3.84±5.9        |               |
+----------------------+-------------+--------------+------------------+-----------------+---------------+
|                      | 3           | MS           | 3.20±0.08        | 3.84±5.9        |               |
+----------------------+-------------+--------------+------------------+-----------------+---------------+
| Cp3                  | 5           | N            | 1.99±0.01        | 3.99±1.3        | 2.06 %        |
+----------------------+-------------+--------------+------------------+-----------------+---------------+
| (mononuclear Cu^II^) | 2           | C            | 2.84±0.05        | 18.7±15.7       | 4412          |
+----------------------+-------------+--------------+------------------+-----------------+---------------+
| **(2)**              | 7           | C            | 2.96±0.06        | 18.7±15.7       |               |
+----------------------+-------------+--------------+------------------+-----------------+---------------+
|                      | 12          | MS           | 3.04±0.14        | 18.8±9.7        |               |
+----------------------+-------------+--------------+------------------+-----------------+---------------+
|                      | 4           | MS           | 3.10±0.33        | 18.8±9.7        |               |
+----------------------+-------------+--------------+------------------+-----------------+---------------+
|                      | 3           | MS           | 3.27±0.09        | 18.8±9.7        |               |
+----------------------+-------------+--------------+------------------+-----------------+---------------+

\[a\] Coordination numbers were fixed during simulations. \[b\] O=single scattering by oxygen, N=single scattering by nitrogen, C=single scattering by carbon, MS=multiple scattering paths. \[c\] *R*=distance between Cu and the scatterer. \[d\] *σ*=Debye Waller factor. \[e\] Definition of reduced *χ* ^2^ and *R*‐factor (*R* ~f~) metrics are defined by the IXS standards and criteria committee ([http://ixs.iit.edu/subcommittee_reports/sc/err‐rep.pdf](http://ixs.iit.edu/subcommittee_reports/sc/err-rep.pdf)).
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![Fourier transformation of the EXAFS spectra (presented in Figure S5) associated with the mononuclear Cu^I^ (red, Cp2), the mononuclear Cu^II^ (green, Cp3) and the dinuclear Cu^II^ (blue, Cp1) pure components derived by MCR‐ALS.](CHEM-26-7395-g006){#chem202000436-fig-0006}

This Cu^I^ species is quickly oxidized under O~2~ exposure to two Cu^II^ species with similar XANES shape, except for the shoulder after the white line, suggesting different medium range order (Figure [5](#chem202000436-fig-0005){ref-type="fig"} b). As a matter of fact, different EXAFS spectra characterized both Cu^II^ species as evidenced by the Fourier transforms presented in Figure [6](#chem202000436-fig-0006){ref-type="fig"}. Those Cu^II^ species are identified by least‐squares fitting analysis as a mononuclear (component 3, green FT) and a dinuclear one (component 1, blue FT) with a second Cu⋅⋅⋅Cu shell at a distance of 2.88 Å (Table [1](#chem202000436-tbl-0001){ref-type="table"}). A peroxo‐bridged (bpy)(NMI)Cu^II^‐O‐O‐Cu^II^(NMI)(bpy) dimer was previously proposed by Stahl et al. as an intermediate, yet without any experimental evidence.[9d](#chem202000436-bib-0009d){ref-type="ref"} In such peroxo‐bridged Cu~2~O~2~ species, the Cu⋅⋅⋅Cu distance is usually longer than 3.4 Å.[2a](#chem202000436-bib-0002a){ref-type="ref"}, [3e](#chem202000436-bib-0003e){ref-type="ref"} This, however, does not agree with the value of 2.88 Å obtained from our EXAFS data fitting. Instead, this Cu⋅⋅⋅Cu distance would be in good agreement with a bis‐μ‐hydroxo‐bridged dinuclear Cu^II^ complex. Thus, a Cu⋅⋅⋅Cu distance of 2.93 Å was observed for an EPR inactive \[(N,N,N)Cu^II^μ‐OH\]~2~ dimer[24](#chem202000436-bib-0024){ref-type="ref"} with a very similar Cu^II^ environment, in which Cu coordinates, too, to three N atoms from a ligand. Therefore, we assign the EXAFS spectrum of the dinuclear Cu^II^ component 1 to a (bpy)(NMI)(CH~3~CN)Cu^II^(μ‐OH)~2~Cu^II^(bpy)(NMI) complex (**5**) (Scheme [1](#chem202000436-fig-5001){ref-type="fig"}, see below). This is also confirmed by ESI‐MS analysis (Figure S17) which showed the formation of an ion at *m*/*z=*677 corresponding to complex (**5**).

As indicated by EXAFS, the mononuclear Cu^II^ species is penta‐coordinated, yet this method cannot easily distinguish subtle differences in the coordination geometry such as trigonal‐bipyramidal and square‐pyramidal geometry. This, however, is possible by EPR spectroscopy in a frozen solution, since the principal components of the *g*‐tensor follow a different order, namely *g* ~∥~\>*g* ~⊥~\>*g* ~e~ for square‐pyramidal and *g* ~⊥~\>*g* ~∥~≈*g* ~e~ for trigonal‐bipyramidal coordination.[25](#chem202000436-bib-0025){ref-type="ref"} In the EPR spectrum of the frozen Cu^II^ containing solution, a signal with *g* ~∥~=2.264 and *g* ~⊥~=2.065 has been recorded (Figure [7](#chem202000436-fig-0007){ref-type="fig"}). This indicates clearly that Cu^II^ is in square‐pyramidal coordination in the EPR active monomer---information that cannot be obtained from EXAFS alone.

![EPR spectra measured at 100 K of a solution containing 25 m[m]{.smallcaps} Cu^I^OTf, 1 equiv bpy and 2 equiv NMI in AN after oxidation with O~2~ and flushing with Ar (black) and after subsequent addition of 5 equiv BzOOH (red). Reference solution of 25 m[m]{.smallcaps} Cu^II^(OTf)~2~, 1 equiv bpy and 2 equiv NMI in AN under argon (blue).](CHEM-26-7395-g007){#chem202000436-fig-0007}

In the UV‐Vis spectra, the absorption edge of the dinuclear Cu^II^ species (blue spectrum in Figure [5](#chem202000436-fig-0005){ref-type="fig"} a) is redshifted compared to the Cu^II^ monomer (green line). Such redshift has been observed for Cu^II^ complexes with increasing steric demand of the ligands.[3e](#chem202000436-bib-0003e){ref-type="ref"} In our case the bpy and NMI ligands coordinating to Cu^II^ are the same. However, we suppose that the steric hindrance in the Cu dimer might be higher than in the corresponding monomers, due to the connection via two μ‐OH bridges and the presence of additional coordinated CH~3~CN molecule to one Cu^II^ site. This may give rise to the observed red shift.[3b](#chem202000436-bib-0003b){ref-type="ref"}, [3e](#chem202000436-bib-0003e){ref-type="ref"}

After bubbling O~2~ for 20 min through the initial solution containing Cu^I^OTf, bpy, NMI and TEMPO, the percentages of the Cu^II^ monomer and dimer derived from XAS and UV‐Vis MCR‐ALS analysis amount to 60±3 and 40±3 %, respectively (Figure [5](#chem202000436-fig-0005){ref-type="fig"} c,d at *t*=0). Upon adding BzOH, both Cu^II^ species are immediately reduced to the (bpy)(NMI)Cu^I^‐complex, indicating that both Cu^II^ species are active in oxidizing BzOH to BA (evidenced by ATR‐IR, Figure [5](#chem202000436-fig-0005){ref-type="fig"} e). From the concentration profiles extracted from the MCR‐ALS analysis of the UV‐Vis and XAS spectra (Figure [5](#chem202000436-fig-0005){ref-type="fig"} c,d), it is clearly seen that the two different Cu^II^ species (monomeric and dimeric) are converted to the same tetra‐coordinated mononuclear Cu^I^ species (**1**) in Scheme [1](#chem202000436-fig-5001){ref-type="fig"}) and vice versa. Interestingly, the Cu^II^ dimer nearly completely disappears during subsequent addition of the four BzOH portions, leaving behind only mononuclear Cu^II^ at the end of the experiment after conversion of the fourth portion of BzOH. Nevertheless, only a very slight deactivation is observed (Figure [5](#chem202000436-fig-0005){ref-type="fig"} e), the reason of which will be discussed below. This shows that the bis‐μ‐hydroxo‐bridged dinuclear Cu^II^ complex **5** is an active species at the early stage of the reaction, but it is gradually cleaved into Cu^II^ monomers which govern catalytic activity in due course.

A tentative pathway for the formation and conversion of the dimer is shown in Scheme [1](#chem202000436-fig-5001){ref-type="fig"}. Previously we have shown that the initial (bpy)(NMI)Cu^I^‐complex (**1**) activates oxygen by transfer of one electron and formation of an active Cu^II^ superoxo species[7a](#chem202000436-bib-0007a){ref-type="ref"} which is stabilized by abstraction of a proton to form **2** as evident from ESI‐MS analysis. This species interacts with TEMPO to form **3**. Intermediate **3** oxidizes the alcohol, liberates TEMPO again and transforms back into the starting Cu^I^ complex (**1**) that can then enter into a new redox cycle. A part of this, complex **2** can obviously react with another molecule of complex **1** to form the bis‐μ‐hydroxo‐bridged dinuclear Cu^II^ species **5**, possibly by passing a peroxo bridged intermediate that has also been postulated in other works.[19](#chem202000436-bib-0019){ref-type="ref"} **5** is cleaved by reaction with alcohol and TEMPO to form complex **6** which then releases the aldehyde and forms the EPR‐silent Cu^I^ complex **1** and TEMP‐OH **7**.[9f](#chem202000436-bib-0009f){ref-type="ref"}

Stahl et al. have shown that the interaction of the (bpy)(NMI)Cu^I^‐complex **1** with TEMP‐OH **7** in the presence of O~2~ leads to the formation of (bpy)(NMI)Cu^II^OH and TEMPO.[9d](#chem202000436-bib-0009d){ref-type="ref"} Since both species are paramagnetic, one should expect an increase in EPR intensity during subsequent addition of BzOH portions and cleavage of the Cu^II^ dimer **5**, given the latter is EPR‐silent, due to antiferromagnetic coupling of the two Cu^II^ electron spins. EPR‐silence of such a dimer has been postulated in quite some papers[3e](#chem202000436-bib-0003e){ref-type="ref"}, [19](#chem202000436-bib-0019){ref-type="ref"}, [26](#chem202000436-bib-0026){ref-type="ref"} and is also supported by the experiment shown in Figure [7](#chem202000436-fig-0007){ref-type="fig"}. The EPR signal intensities (double integral) in an in situ oxidized Cu^I^OTf/bpy/NMI solution (in which the dimer **5** is shown to be formed) is lower than that of a complex formed by mixing Cu^II^(OTf)~2~ with bpy and NMI in the same concentrations (compare to black and blue spectrum in Figure [7](#chem202000436-fig-0007){ref-type="fig"}). It is evident that in the former case only 52 % of the total Cu amount contributes to the Cu^II^ EPR signal. As both UV‐Vis and XAS spectroscopy indicate complete oxidation of Cu^I^ to Cu^II^ (Figure [5](#chem202000436-fig-0005){ref-type="fig"} c,d), this means that ≈48 % of Cu^I^ must be oxidized to an EPR‐silent Cu^II^ species, which might be the Cu^II^ dimer **5** as evident from ESI‐MS analysis (Figure S17). This agrees roughly with the results of the MCR‐ALS analysis, in which around 40 % of the total copper in the pre‐oxidized Cu^I^OTf/bpy/NMI solution was found as Cu^II^ dimer (Figure [5](#chem202000436-fig-0005){ref-type="fig"} c,d). An indirect evidence for the EPR‐silence of this dimer was also obtained from a reference experiment: When benzoic acid (BzOOH) was added to a Cu^I^OTf/bpy/NMI solution after oxidation with O~2~ and flushing with argon, an almost twofold increase of the Cu^II^ EPR signal intensity was observed (compare to black and red spectrum in Figure [7](#chem202000436-fig-0007){ref-type="fig"}). This is due to the cleavage of the EPR‐silent dimer **5** and formation of an EPR‐active mononuclear Cu^II^ complex.

Consequently, we should have observed a gradual increase of the total Cu^II^ EPR signal intensity with time when the antiferromagnetic dimer **5** is cleaved during the experiment shown in Figure [5](#chem202000436-fig-0005){ref-type="fig"}. This was, however, not the case. Instead, the Cu^II^ EPR intensity after subsequent addition of the 4×5 equivalents of BzOH and saturation of the reaction solution with O~2~ remained almost constant (Figure S2). Since we have clear evidence for the formation of an EPR‐silent Cu^II^ dimer **5** from simultaneously recorded EXAFS and EPR spectra as well as from ESI‐MS analysis, we must conclude that this species is converted to an EPR‐silent Cu^II^ monomer which does not contribute to the total Cu^II^ EPR signal recorded during the experiment in Figure [5](#chem202000436-fig-0005){ref-type="fig"}. Therefore, we propose that the interaction of **5** with TEMPO (Scheme [1](#chem202000436-fig-5001){ref-type="fig"}) leads to the formation of a mononuclear Cu^II^‐TEMPO complex **6** which might be EPR‐silent, due to strong dipolar interaction between Cu^II^ and the coordinated TEMPO species, both being paramagnetic. Very recently, such a kind of complex with direct bonding between the oxygen atom of TEMPO and the Cu^II^ site has been postulated, yet without coordination of NMI to the Cu center.[9f](#chem202000436-bib-0009f){ref-type="ref"}, [10](#chem202000436-bib-0010){ref-type="ref"} In light of the EXAFS results, we suggest that the fifth coordination site at Cu^II^ is occupied by NMI, which is known to enhance the Cu^I^ redox potential.[7b](#chem202000436-bib-0007b){ref-type="ref"} This is also in line with our previous UV‐Vis and EPR results showing clearly that NMI coordinates to Cu^II^ when it is present in solution.[7a](#chem202000436-bib-0007a){ref-type="ref"} However, we cannot completely rule out coordination of other ligand such CH~3~CN. Obviously, species **6** is only formed in the presence of BzOH, since direct interaction of Cu^II^ and TEMPO was not observed when TEMPO was added to complex **2** alone (see above).

Reason for deactivation {#chem202000436-sec-0006}
-----------------------

During reaction with the subsequently added four portions of BzOH a slight deactivation was observed. The time to reach the maximum yield of BA (derived from the intensity of the ν(C=O) band of BA in the ATR‐IR spectrum) increases from 6 min after adding the first portion of 5 equiv BzOH to 8 min after adding the last portion (Figure [5](#chem202000436-fig-0005){ref-type="fig"} e). The reason for this may be the formation of a small amount of non‐reducible Cu^II^ (Scheme [2](#chem202000436-fig-5002){ref-type="fig"}) that cannot enter into a new catalytic cycle (Scheme [1](#chem202000436-fig-5001){ref-type="fig"}). This is evident from the EPR spectra recorded immediately after adding a portion of BzOH (Figure [5](#chem202000436-fig-0005){ref-type="fig"} f). The Cu^II^ signal vanishes almost completely when the first portion is added due to reduction of the active species (**4** in Scheme [1](#chem202000436-fig-5001){ref-type="fig"}, red line in Figure [5](#chem202000436-fig-0005){ref-type="fig"} f). With each further BzOH addition there remains an increasing amount of Cu^II^ that cannot be reduced to Cu^I^ again (evident from the rising Cu^II^ EPR signal in Figure [5](#chem202000436-fig-0005){ref-type="fig"} f). This behavior is also fully confirmed by the MCR‐ALS analysis of the UV‐Vis data showing a slight decrease of the converted amount of Cu^I^ species after the third and the fourth BzOH addition, passing from 98 to 92 % and finally 82 % (Figure [5](#chem202000436-fig-0005){ref-type="fig"} c). We suppose that this non‐reducible Cu^II^ may arise from partial oxidation of BzOH to BzOOH which reacts with the active \[(bpy)(NMI)Cu^II^O~2~\] intermediate to a (bpy)(NMI)Cu^II^‐OOBz site that cannot activate gaseous O~2~ anymore, since transfer of an electron like in step 1 of Scheme [1](#chem202000436-fig-5001){ref-type="fig"} is no longer possible (Scheme [2](#chem202000436-fig-5002){ref-type="fig"}). This assumption has been confirmed by an experiment in which 1 equiv of BzOOH was added to the reaction mixture containing the active Cu complex, which led to no conversion of BzOH to BA.[7b](#chem202000436-bib-0007b){ref-type="ref"} The formation of BzOOH was detected by Gas Chromatography analysis of the product after the catalytic test but not by operando ATR‐IR, probably due to its low concentration.

![Tentative pathway for the formation of inactive, non‐reducible Cu^II^ species during the catalytic reaction.](CHEM-26-7395-g009){#chem202000436-fig-5002}

Proposed reaction mechanism {#chem202000436-sec-0007}
---------------------------

Consequently, the results of the three coupled techniques suggest that there are two pathways for selective alcohol oxidation to aldehyde (Scheme [1](#chem202000436-fig-5001){ref-type="fig"}). One comprises mononuclear EPR‐active Cu^II^ complexes (**1**→**2**→**3**→**4**→**1**) and the other passes through a dinuclear copper intermediate (**5**) leading to formation of a mononuclear EPR‐inactive copper‐TEMPO complex (**6**→**1** and **7**→**8**→**6**). Both pathways are catalytically active since we only observed a negligible deactivation during the catalytic test (Figure [5](#chem202000436-fig-0005){ref-type="fig"} e). Possibly, the cycle **1**→**2**→**3**→**4**→**1** is very fast in the presence of TEMPO, so that formation of the dimer **5** is suppressed with increasing reaction time.

Conclusions {#chem202000436-sec-0008}
===========

In this work, we have for the first time used simultaneous operando EPR/XANES/EXAFS/UV‐Vis/ATR‐IR spectroscopy to investigate the still controversially discussed structure and role of active sites in Cu/TEMPO catalyzed selective aerobic benzyl alcohol oxidation. It was found that a tetracoordinated (bpy)(NMI)Cu^I^‐complex, formed in situ at the start of the reaction, is initially converted to two different Cu^II^ species, an EPR‐active mononuclear (bpy)(NMI)(CH~3~CN)Cu^II^‐OOH species and an EPR‐silent dinuclear (bpy)(NMI)Cu^II^(μ‐OH)~2~Cu^II^(bpy)(NMI)(CH~3~CN) complex. This dinuclear species is cleaved during reaction into (bpy)(NMI)(OOH)Cu^II^‐TEMPO monomers that are also EPR‐silent due to antiferromagnetic interaction between Cu^II^ and TEMPO but govern, besides (bpy)(NMI)(CH~3~CN)Cu^II^OOH---TEMPO, the catalytic activity in due course. Though the Cu^II^ dimer obviously participates in the initial phase of the reaction, it is definitely not a major active species nor a resting state since it is irreversibly dissolved into monomers. This results in two parallel catalytically active Cu^I^/Cu^II^ redox cycles (Scheme [1](#chem202000436-fig-5001){ref-type="fig"}), one detectable by EPR and the other not, which differ in their mode of coordinating TEMPO. Both cycles contribute almost equally to catalytic activity.

We have clearly demonstrated the added value of extending our previous simultaneous EPR/UV‐Vis/ATR‐IR technique by coupling with XANES/EXAFS, in comparison to separate experiments. While XAS and UV‐Vis spectroscopy can detect both Cu^II^ monomer and dimer species as well as both valence states of Cu, their ability to reflect the precise coordination geometry of Cu is limited, in particular for XAS without complete full multiple scattering simulations of XANES. This limitation is compensated by EPR, at least in the case of Cu^II^. On the other hand, EPR can neither detect Cu^I^ nor distinguish between mono‐ and dinuclear Cu^II^ when both Cu^II^ ions interact only weakly without forming a *S*=1 spin system, while antiferromagnetic coupling prevents detection of Cu^II^ completely. This drawback can be overcome by EXAFS.

Finally, it should be mentioned that the new coupling technique is not limited to homogeneous catalytic gas‐liquid phase reactions at room temperature, such as Cu/TEMPO catalyzed alcohol oxidation used as example in this work. It has broader application potential also for heterogeneous catalytic gas‐phase reactions, since the flow reactor can be heated and used with a solid catalyst.[16](#chem202000436-bib-0016){ref-type="ref"} Moreover, our setup can be easily assembled at different synchrotron radiation facility beamlines depending on the requirements of the systems to be studied.

Experimental Section {#chem202000436-sec-0009}
====================

The experimental setup for coupled operando EPR/XAS/UV‐Vis/ATR‐IR spectroscopy is shown in Figure [1](#chem202000436-fig-0001){ref-type="fig"}. A Kapton capillary (inner diameter 1 mm) is used as a flow reactor. It is stabilized by implementing it into a quartz tube mantle with two opposite holes covered by kapton foil to allow the X‐ray beam to pass through. This reactor was mounted in the cavity of a small benchtop cw‐EPR spectrometer (EMXnano, Bruker). The cavity of the EPR spectrometer has been modified accordingly and installed directly in the beam path of the ROCK quick‐EXAFS beamline (SOLEIL, Paris).[27](#chem202000436-bib-0027){ref-type="ref"} The top of the EPR reactor is connected to a three necked glass reservoir equipped with a capillary for bubbling oxygen or inert gas (N~2~) into the solution, and with fiber‐optical immersion probes for simultaneous recording of UV‐Vis and ATR‐IR spectra. The flow reactor is connected to a nano‐pump (DURATEC Analysentechnik GmbH) for circulation of the reaction mixture through the reactor within the EPR cavity.

Operando ATR‐IR spectra were collected by a ReactIR 15 spectrometer (Mettler‐Toledo) in an interval of 60 s using an AgX fiber‐optical immersion probe with a diamond crystal as ATR element in the range between 650 and 1900 cm^−1^. Quantification was performed by integration of the ν(C=O) band between 1670 and 1743 cm^−1^ without baseline correction using a calibration sequence.

UV‐Vis spectra in the range of 200--800 nm were recorded by a Varian Cary 50 dual beam apparatus equipped with a pulsed Xenon lamp and a Si diode detector. A Hellma immersion probe with an optical path of 1 mm was used for collecting the data. Spectra were measured with a scan rate of 4800 nm min^−1^ and a cycle time of 10 s which corresponds to the time between two consecutive spectra. No baseline correction was applied, but the spectrum of the acetonitrile solvent recorded under the same conditions has been subtracted.

Operando EPR spectra were recorded with a microwave power of 6.9 mW, a modulation frequency of 100 kHz and a modulation amplitude up to 5G. For recording EPR spectra at low temperature (100 K), an EMXmicro X‐band EPR spectrometer equipped with a variable temperature control unit including a liquid N~2~ cryostat and a temperature controller was used. In some cases, EPR measurements alone have been repeated on a Bruker ELEXSYS 500 spectrometer equipped with a high sensitivity resonator under the same reaction conditions. This led to the same results, yet with better spectral resolution that facilitated spectra interpretation. This is the reason why certain EPR figures presented herein have a different intensity scale.

XANES and EXAFS spectra were recorded in transmission mode using three ionization chambers filled with 1 bar of N~2~ gas. A Si(1 1 1) channel‐cut crystal was used as monochromator with an oscillation amplitude of 2.1° and an oscillation frequency of 2 Hz. During monochromator oscillation, two 250 ms spectra were recorded, one with increasing and one with decreasing Bragg angles. In further data processing, only the former was considered. Harmonic rejection was done using two mirrors coated with B~4~C which surrounded the monochromator and accepted the pink and monochromatized beam at 2.75 mrad of incidence, respectively. The beam size at the sample position was 0.4 mm (H) x 0.2 mm (V) (FWHM). A copper metal foil was recorded permanently and simultaneously with the data of interest using the third ionization chamber.

XAS data normalization was performed using the Python normal_GUI graphical interface developed at SOLEIL for the fast handling of the Quick‐XAS data.[28](#chem202000436-bib-0028){ref-type="ref"} Energy calibration was performed at the first derivative maximum of the spectrum of the Cu metal foil (8979 eV). 20 spectra recorded with increasing angles were merged in order to improve the signal to noise ratio. This led to a time resolution of 10 s between two consecutive spectra. UV‐Vis and XAS spectra have been analyzed by multivariate curve resolution with alternating least‐squares fitting (MCR‐ALS).[17](#chem202000436-bib-0017){ref-type="ref"}, [23](#chem202000436-bib-0023){ref-type="ref"} Details of this procedure are described in the Supporting Information, section SI‐C.

Low‐resolution mass spectrometry investigations were performed using electron spray ionization mass spectrometry (ESI) (Agilent technologies 6130 Quadrupole LCMS).
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